Yip1p is the first identified Rab-interacting membrane protein and the founder member of the YIP1 family, with both orthologs and paralogs found in all eukaryotic genomes. The exact role of Yip1p is unclear; YIP1 is an essential gene and defective alleles severely disrupt membrane transport and inhibit ER vesicle budding. Yip1p has the ability to physically interact with Rab proteins and the nature of this interaction has led to suggestions that Yip1p may function in the process by which Rab proteins translocate between cytosol and membranes. In this study we have investigated the physiological requirements for Yip1p action. Yip1p function requires Rab-GDI and Rab proteins, and several mutations that abrogate Yip1p function lack Rab-interacting capability. We have previously shown that Yip1p in detergent extracts has the capability to physically interact with Rab proteins in a promiscuous manner; however, a genetic analysis that covers every yeast Rab reveals that the Rab requirement in vivo is exclusively confined to a subset of Rab proteins that are localized to the Golgi apparatus. R AS superfamily members have proven to be critical proteins in a manner dependent on COOH-terminal players in a variety of fundamental cellular proprenylation (Calero et al. 2002) and so might compete cesses, which they influence by modulation of their GTP with Rab-GDI for Rab protein interactions in vivo. binding and hydrolysis cycle. These small GTPases are YIP1 is an essential gene in Saccharomyces cerevsiae and commonly found to cycle between a cytosolic pool and a extremely well conserved in evolution; the human ormembrane-associated pool where the activated GTPases tholog can fully replace loss of the yeast gene (Calero recruit their downstream effectors. The highly hydroet al. 2003). In cellular lysates, Yip1p is capable of promisphobic geranylgeranyl groups of Rho and Rab GTPases cuous interaction with Rab proteins, with a specific rerender them energetically unfavorable to partition into quirement for the double prenylation motif contained the cytosol as individual monomers. Cytosolic Rho and at the COOH termini that is one of the defining features Rab proteins exist in a high-affinity dimeric complex of the Rab protein family. Recent studies combining with guanine nucleotide dissociation inhibitor (GDI) in vitro reconstitution and cell biological and genetic proteins (Olofsson 1999 confined to a subset of Rab proteins that operate at AGGAAACAGCTATGACCATGAAGCTTGACCTTAGAGTAC the level of the Golgi apparatus. In the discussion, we AGACGATG 3Ј) was performed to check for correct integration of the KANMX cassette at both ends. Haploid yip1⌬ strains suggest hypotheses to reconcile in light of our discovery were created after transformation with a URA3 YIP1 YCp50
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AS superfamily members have proven to be critical proteins in a manner dependent on COOH-terminal players in a variety of fundamental cellular proprenylation (Calero et al. 2002) and so might compete cesses, which they influence by modulation of their GTP with Rab-GDI for Rab protein interactions in vivo. binding and hydrolysis cycle. These small GTPases are YIP1 is an essential gene in Saccharomyces cerevsiae and commonly found to cycle between a cytosolic pool and a extremely well conserved in evolution; the human ormembrane-associated pool where the activated GTPases tholog can fully replace loss of the yeast gene (Calero recruit their downstream effectors. The highly hydroet al. 2003) . In cellular lysates, Yip1p is capable of promisphobic geranylgeranyl groups of Rho and Rab GTPases cuous interaction with Rab proteins, with a specific rerender them energetically unfavorable to partition into quirement for the double prenylation motif contained the cytosol as individual monomers. Cytosolic Rho and at the COOH termini that is one of the defining features Rab proteins exist in a high-affinity dimeric complex of the Rab protein family. Recent studies combining with guanine nucleotide dissociation inhibitor (GDI) in vitro reconstitution and cell biological and genetic proteins (Olofsson 1999; Alory and Balch 2001) .
analyses have demonstrated that Yip1p functions at an These GDI.GTPase complexes represent an inactive cyearly stage in ER vesicle budding (Barrowman et al. tosolic reservoir of the GTPase and GDI must be in-2003; Heidtman et al. 2003) . This function of Yip1p is duced to release its GTPase at a membrane site to enable difficult to reconcile with its connection to Rab proteins. cells to draw upon this reservoir. Mechanisms that proAlthough Rab proteins are required for vesicle budding mote GDI displacement and help recruit GTPases onto and cargo selection in several systems, it is possible to membranes are of great importance because such mechform fusion-competent transport vesicles from the ER anisms will determine where and when the GTPases are in the absence of Ypt1p function, the Rab protein activated. Possible candidates for a role in Rab protein thought to regulate this particular transport step in vivo membrane recruitment include the Rab-interacting (Cao and Barlowe 2000) . Moreover, it is not known YIP1 family of membrane proteins. Certainly the YIP1 if Yip1p action in vivo requires Rab proteins, leaving family possess features that suggest a capability for paropen to question the apparent significance of the bioticipation in Rab membrane recruitment; they are capachemical interactions observed between these proteins. ble of biochemical interaction with a variety of Rab
In this study we sought to further understand the two aspects of Yip1p function and determine if the interaction of Yip1p with Rab proteins is biologically significant. 
S. cerevisiae strains used in this study

Strain
Genotype Source 112 Brennwald laboratory 112 confined to a subset of Rab proteins that operate at AGGAAACAGCTATGACCATGAAGCTTGACCTTAGAGTAC the level of the Golgi apparatus. In the discussion, we AGACGATG 3Ј) was performed to check for correct integration of the KANMX cassette at both ends. Haploid yip1⌬ strains suggest hypotheses to reconcile in light of our discovery were created after transformation with a URA3 YIP1 YCp50 of roles for Yip1p on both Golgi and ER membranes.
BY24
plasmid (pRC1245). A gdi1⌬ strain RCY883 was created in a similar fashion with the HIS3MX6 module (Wach et al. 1997) that was PCR amplified using primers S1GDI1 (5Ј TCCATCA TAACTGTTAGTGAATAACCACTTATATAGCATAACACAC MATERIALS AND METHODS GTACGCTGCAGGTC 3Ј)and S2GDI1 (5Ј ACCCTCCAATTG Yeast strains and plasmid constructs: The S. cerevisiae strains CTGCTTTAGTCGTAAAGGTATGAATTTACTGATCGA and plasmids used in these studies are listed in Table 1 . For TGAATTCGAGCT 3Ј). Colonies were checked for correct all plasmid shuffle experiments, plates used were synthetic HIS3MX6 integration via genomic PCR using primers 33942 complete media containing 1.5 mg/ml 5-fluoroorotic acid (5Ј GCGATGGCAACGCTGA 3Ј) and RNC233 (5Ј GACCAT (5-FOA). To create the yip1⌬ tester strains RCY1610 and RCY CATCGTGCTG 3Ј) paired with flanking primers YFGDI1 (5Ј 1612, a KANMX module (Wach et al. 1994) was PCR amplified CGGCCGCTCTAGAACTAGTGGATCCCGTATCTCGTTAG with S1YIP1 (5Ј GCTACAAATTGGACGGGAAGTACTGCAA TACTTGTT 3Ј) and YRGDI1 (5Ј TACCGGGCCCCCCCTC GAGGTCGACAGACTGACAGTTATACCCAAG 3Ј). Haploid GACAACTATTAGTCCCTCTCGAGCGTACGCTGCAGGTC Yip1p Function in S. cerevisiae Requires Rab Proteins and Rab-GDI gdi1⌬ strains were created after transformation with a GDI1 Western blotting: Total cellular lysates were analyzed by SDS-PAGE and Western blotting onto BioTrace 0.45 m polyvinylidene difluoride (Pall). Membranes were probed with ogy), diluted at 1/5000 in TBS with 0.2% Tween-20 and 5% MAB3580 anti-GFP antibody (Chemicon, Temecula, CA) at NF-milk, followed by washing and chemiluminescent develop-1/6000 in Tris-buffered saline (TBS) containing 0.2% Tweenment with phenylphosphate substituted 1,2 dioxetane (CDPStar; Perkin-Elmer, Norwalk, CT). To provide a membrane 20 and 0.1% nonfat (NF)-milk to detect GFP-tagged proteins. Blots were developed with secondary alkaline phosphatase protein-loading control, blots were stripped with a 5-min incubation in 0.2 m NaOH and subsequently probed with monoconjugated goat anti-mouse antibodies (Southern Biotechnol- . Transformants were passaged on 5-FOA to eliminate the wild-type YIP1 plasmid, after which surviving cells were tested for growth at 15Њ, 25Њ, 30Њ, 34Њ, 37Њ, and 40Њ as described in materials and methods.
b Silent restriction enzyme sites were introduced to screen constructs created by site-directed mutagenesis, and constructs were further verified by DNA sequencing.
c Recessive allele, which cannot be suppressed by multi-copy plasmids encoding YPT1, YPT31, YPT6, or YIF1. d Cannot be suppressed by high-copy plasmids encoding YIF1, YIP4, YIP5, YOP1, PRA1/YIP3, GDI1, YPT1, YPT31, YPT32, co-overexpression of both SEC23 and SEC24 or activated (intronless) HAC1.
e Very sick on YPD ϩ 3% formamide at 37Њ. Formamide is a membrane-permeant and metabolically inert molecule known to weaken protein-protein interactions by destabilizing noncovalent bonds; it is useful for screening conditional mutants (Aguilera 1994) .
f Dominant-negative allele. g Allele isolated by R. Sternglanz and transferred into Collins lab strain background.
clonal antibody 10D7 (Molecular Probes, Eugene, OR) against assays, data points are the average of duplicate determinations and the error bars represent the range. the membrane protein V-ATPase at a concentration of 0.25 g/ml.
In vitro vesicle budding and transport assays: Yeast semiintact cells from wild-type and yip1 mutant strains were pre-RESULTS pared as described (Baker et al. 1988 function: To define the minimal functional unit of Yip1p, we first performed Yip1p deletion analysis and the reason that a lysine at position 70 can substitute for glutamic acid, which is of opposite charge, was unclear. discovered that we were able to delete approximately one-quarter of the protein with no detectable effect During the course of these studies, a conditional lethal allele of yip1, yip1-3, was reported by Ferro-Novick and (Table 3 ). Progressive truncations revealed that the NH 2 -terminal 65 residues (Yip1p 248 residues total) colleagues (Barrowman et al. 2003) . This allele was generated by random mutagenesis and contains four were fully dispensable for growth. In contrast, a truncation of 18 residues at the COOH terminus resulted in mutations that include a glycine residue at position 70.
Knowing that E70G was a lethal mutation, we reasoned a gene that was unable to complement a deletion of YIP1 (Table 3) . These results defined a minimal functhat one of the other mutations of yip1-3 must represent a second-site intragenic suppressor. Our attention was tional unit consisting of 183 amino acids that could be used for more selective mutagenesis to identify critical drawn to the residue at position 130 because this residue is conserved among Yip1p orthologs ( Figure 1A ). Figure  residues .
As the basis of our mutagenesis study, we targeted 2B shows that cells bearing the double-mutation E70G, K130A are viable, although conditional lethal. These residues that are conserved between human YIP1A and yeast YIP1. Our previous work has shown that the human data demonstrate that residue 130 is in fact a suppressor of a lethal mutation at position 70, suggesting that the sequence can functionally replace a deletion of yeast YIP1, indicating that a phylogenetic analysis would protwo residues directly or indirectly interact. Because the naturally occurring amino acids in positions 70 and 130 vide a rational approach for dissecting the molecular action of Yip1p (Calero et al. 2003 ). An alignment of are of opposite charge, we sought to determine if they form a charge pair in the Yip1p tertiary structure. AlHsYIP1A and YIP1 is shown in Figure 1A . We also mutated each charged residue of Yip1p on the rationale though the single point mutation K130E was innocuous, with no apparent phenotype, charge reversal of both that such residues have the highest probability of protein surface exposure and intermolecular contact; thereamino acids simultaneously gave a lethal phenotype ( Figure 2B ), leading us to conclude that these two resifore their mutation is less likely to perturb the overall protein fold (Chothia 1976) . Silent restriction enzyme dues interact only indirectly to contribute to the functionality of Yip1p. sites were included where possible to facilitate diagnostic analysis during mutant construct creation and veriExpression and localization of defective yip1 alleles: To determine whether the growth defects associated fied with DNA sequencing. Constructs were transformed into the haploid yip1⌬ tester strain (RCY1610) and with each yip1 allele are attributable to aberrant Yip1p levels, we analyzed whole-cell lysates expressing the GFPstreaked onto 5-FOA-containing media at 25Њ to assess for functionality in comparison to yeast transformed tagged yip1 alleles with an affinity-purified antibody that recognizes GFP. Of the temperature conditional-lethal with empty vector as a negative control and with wildtype YIP1 as a positive control. Viable mutant yip1 conhaploid yip1 strains, none displayed aberrant Yip1p levels at the permissive temperature ( Figure 3A ) or upon structs were tested on rich media at a range of temperatures and on YPD containing 3% formamide. The yip1-4 shift to restrictive temperature for a period of time known to be sufficient to elicit a terminal phenotype allele (E70K) has been described previously (Calero et al. 2003) . The yip1-2 allele was described as thermosensi- (Table 3 and our unpublished results). Of the null alleles, yip1-9 has reduced Yip1p levels with respect to a tive by Gallwitz and co-workers (Yang et al. 1998) ; however, it was found to be wild type on rich media when wild-type control strain at 25Њ ( Figure 3A ). Both yip1-9 and yip1-19 migrate at a faster rate than the wild-type recreated in our strain background.
An overview of the mutagenesis data are shown in Yip1p ( Figure 3A) , indicative of protein degradation, which would result in a defective protein with a null Figure 1B together with a detailed summary of our sitedirected mutagenesis in Table 3 . Of these mutants, three phenotype. The lack of correlation between Yip1p levels and the phenotypes of the conditional mutant strains point mutants (yip1-41, yip1-9, yip1-19) were found to be recessive null mutants, one (yip1-6, Figure 1C ) was indicates that the observed phenotypes are not due to altered Yip1p levels but result from defective Yip1p-a dominant-negative null allele, four (yip1-4, yip1-40, yip1-14, yip1-42; Figure 2A) were thermosensitive, and protein interactions. A combination of subcellular fractionation and in vivo three alleles (yip1-43, yip1-12, yip1-2) were sensitive to formamide at 37Њ. The conditional temperature for the fluorescence experiments has previously established that Yip1p cycles between the ER and the Golgi (Heidtyip1-40 allele on YPD is 37Њ and 40Њ for yip1-42, whereas the yip1-4 allele is viable at 25Њ but lethal at 34Њ on man et al. 2003). Because GFP-tagged Yip1p is fully functional as the sole cellular copy of Yip1p, indicating that rich media. Glutamic acid at position 70 is particularly interesting, because it is thermosensitive when mutated the use of this tag does not impair function (Heidtman et al. 2003) , we GFP tagged the yip1 mutant alleles to to a lysine or valine, lethal when mutated to glycine, and has a small effect when mutated to alanine. Glycine determine their steady-state localization in live cells. To make comparisons between different constructs, both can be characterized as a "flexible" amino acid and might therefore disrupt secondary structure of Yip1p null alleles and alleles able to function at single copy were expressed at single copy in a background conwhen inserted at position 70 (Fersht 1999). However, (MmYIP1), and Caenorhabditis elegans YIP1 (CeYIP1). The sequences were aligned in MegAlign (DNASTAR) using Clustal analysis with a gap-length penalty of 10. Amino acid residues are numbered according to the yeast Yip1p primary sequence. The residues on a black background exactly match the consensus sequence. (B) Mutagenized Yip1p residues are distributed in both the NH 2 -and the COOH-terminal domain of Yip1p. YIP1 family members share a common domain topology of a NH 2 -terminal hydrophilic and a COOH-terminal hydrophobic domain indicated by the Membrane Protein Explorer (MPEx) profile of Yip1p, generated with the octanol-interface scale (White and Wimley 1999; Jayasinghe et al. 2001) . Yeast Yip1p residues mutagenized in this study are indicated and coded according to physiological impact designated by a symbol placed at the amino acid position of the MPEx profile of Yip1p. Table 3 contains a more detailed description of the mutant alleles. (C) Expression of a dominant-negative allele, yip1-6. Cells containing plasmids expressing yip1-6 (E76K) under the control of the copper-inducible CUP1 promoter were grown to early log phase before adjusting and adding CuSO 4 to the media as indicated. Growth was assessed by OD 600 turbidity measurements. At 0.5 mm Cu 2wϩ levels, growth ceases after 5 hr at 30Њ in the cells expressing yip1-6, but not in vector-only control cells. , were transformed with pRS315 yip1 plasmids as indicated. Transformants were streaked onto 5-FOA containing media at 25Њ to assess growth with the mutant versions of the genes as the sole copy. All genes were expressed under the control of the endogenous promoter and terminator. The single point mutations E70K (yip1-4, pRC1992), K130A (yip1-13, pRC2398), and K130E (yip1-31, pRC2454) are viable in contrast to E70G (yip1-41, pRC2214), which is a lethal single point mutant. K130A can suppress the lethality of E70G (yip1-40, pRC2400); however, the combination of mutants in these two positions to create a charge reversal of the naturally occurring amino acids, E70K/ K130E (yip1-44, pRC2452), yields a lethal phenotype, suggesting that intragenic suppression occurs with an indirect interaction of these two residues.
taining a wild-type copy of YIP1. The results of this port of vesicular stomatitis virus envelope glycoprotein and physically associates with the mammalian Sec23 and analysis are shown in Figure 3B . GFP-yip1⌬N65, -yip1-4, -yip1-40, and -yip1-6 all showed localization similar to that Sec24 proteins (Tang et al. 2001) . A conserved domain at the NH 2 terminus of Yip1A is required for its interacpreviously established for the wild-type protein, namely numerous fluorescent Golgi puncta and nuclear rim tion with Sec23p/Sec24p, and it is a residue in this domain that is mutated in the thermosensitive allele staining indicative of ER, demonstrating that these yip1 alleles can be normally packaged into vesicles and delivyip1-4. Sec23p and Sec24p are components of the COPII coat complex and are found in a heteromeric complex ered to the Golgi.
The null alleles GFP-yip1-19 and -yip1-9 were not infor- (Barlowe 2002a,b) . In contrast to the results obtained with mammalian YIP1A, we find no dominant-negative mative in this analysis as their expression level appeared somewhat reduced compared to wild type and they effect with overexpression of the cytoplasmic portion (data not shown). SEC23 and SEC24 had no effect on showed a diffuse cytoplasmic staining suggestive of incorrectly folded or membrane inserted proteins (Figure the growth of yip1-4 when expressed either singly or simultaneously from multi-copy plasmids. 3B) targeted for degradation, consistent with their apparent migration in SDS-PAGE gels ( Figure 3A) .
Mutants defective in vesicle budding from the ER such as sec12 and sec23 appear to activate the unfolded Directed test of yip1 suppression with high-copy plasmids: To establish the possible sequence of events in protein response (Belden and Barlowe 2001) and can be suppressed by IRE1 or activated HAC1 (Higashio which Yip1p functions, we asked if a yip1 mutant could be suppressed by multi-copy plasmids encoding several and Kohno 2002; Sato et al. 2002) . Yip1p has been implicated in ER vesicle budding and yip1-4 shows seleccandidate genes, which may act in conjunction with YIP1.
tive genetic interactions with this same subgroup of secretory genes; however, yip1-4 cannot be suppressed by The mouse homolog of Yip1p, Yip1A, is localized to ER exit sites and vesicular-tubular structures, which activated HAC1, indicating that the role of Yip1p in ER vesicle biogenesis is distinct from that of COPII coat. carry cargo to the Golgi (Tang et al. 2001) . Overexpression of the cytoplasmic portion of Yip1A inhibits transWe also tested (i) multi-copy plasmids encoding Rab ported to physically associate with Yip1p, namely Yop1p and Yip3p (Calero et al. 2001 (Calero et al. , 2002 , cannot restore the functionality lacking in the yip1-4 single point mutation.
Genetic analysis of yip1-4 reveals interaction with Rab and GDI mutants: Yip1p binds to Rab proteins in cellular lysates with little discrimination (Calero et al. 2002 (Calero et al. , 2003 and is also required for COPII vesicle biogenesis (Heidtman et al. 2003) , a process in which in vitro reconstitution studies have shown that Rab proteins do not play critical roles (Cao and Barlowe 2000) . To address this puzzle, we initiated a genetic analysis to determine if Rab genes are necessary for Yip1p function. In the secretory pathway, several analyses have demonstrated synthetic genetic interactions to be largely stage specific (Kaiser and Schekman 1990; Finger and Novick 2000) . Even within the ER-to-Golgi stage of transport, genetic interactions occur among those mutations affected in vesicle budding from the ER or among mutants affected in fusion of ER-derived vesicles with the Golgi, but not between the two classes of mutations (Kaiser and Schekman 1990) . We have already made use of this approach to establish a role for YIP1 in the biogenesis of COPII vesicles from the ER (Heidtman et al. 2003) .
In these experiments, we wished to evaluate the physiological relevance of Rab proteins for Yip1p function. We examined mutant alleles of Rab genes and also genes encoding proteins that regulate the function of Rab proteins, such as GTPase activators (GAPs) and guanine nucleotide exchange factors (GEFs; Collins 2003) .
yip1-4 is especially suited for genetic studies as this mutant does not show revertants and is thermosensitive for growth over a wide range of temperatures and the protein product is stable at restrictive temperature. For
Immunoblots of total lysates of congenic log-phase GFP-tagged each mutant tested, we created a strain with a deleted yip1 haploid strains, grown in minimal medium and probed genomic copy of YIP1 together with a wild-type copy of with anti-GFP antibody to visualize the GFP-tagged yip1 allele.
YIP1 on an episomal URA3 plasmid that can be counter- was viable. The advantages of such an assay are that (i) several hundred double-mutant colonies can be analyzed on a single plate (see Figure 4A ); (ii) comparisons genes, (ii) plasmids encoding other proteins known to potentially interact with Yip1p, and (iii) the other YIP1 are made in isogenic strains where the mutant or wildtype allele is introduced on an episomal plasmid, family paralogs in yeast, YIF1, YIP4, and YIP5 (Calero et al. 2002) . The former were selected on the basis that avoiding the necessity of multiple backcrosses to compare mutations from two different strain backgrounds; genes encoding interacting proteins may sometimes suppress defective alleles when overexpressed and the and (iii) the assay is flexible, so the impact of several different alleles can be tested simultaneously. Figure 4A latter were selected to test possible functional overlap among YIP1 family members within a single organism.
shows the synthetic interaction assay with cells grown on plates. Synthetic interactions are revealed by the lack No genes in this deliberate suppression testing showed any level of suppression of yip1-4 ( . Of the other conditional yip1 alleles, only yip1-42 appears to have a detrimental effect with the double mutant slightly sicker than the wildtype control. This rapid analysis of several alleles simultaneously helps to understand any genetic interactions observed, allowing one to dissect the individual contributions of various regions of the protein to overall function.
To provide a complete analysis, we investigated genetic interactions between yip1-4 and each Rab ORF identified in the yeast genome. There are 11 Rab genes in the complete S. cerevisiae genome (Garcia-Ranea and Valencia 1998). Table 4 summarizes our analysis of genetic interactions between Rab-encoding genes and yip1. No synthetic lethality was observed with sec4-8, ypt10⌬, ypt11⌬, vps21⌬, ypt52⌬, ypt53⌬, or ypt7⌬ . In contrast, synthetic lethality was observed with ypt1 A136D , ypt31⌬, ypt6⌬, and ypt32
A134D
. The ypt1 A136D allele confers a very tight block of growth at 37Њ without any defect at permissive temperature (Jedd et al. 1995) ; we also observed deleterious genetic interactions with another ypt1 allele, ypt1-3. Ypt1p, Ypt31/32p, and Ypt6p all operate in different membrane trafficking pathways: Ypt1p in ER to Golgi and early Golgi transport, Ypt31/32p in intra-Golgi and Golgi to vacuole transport (Benli et al. 1996; Jedd et al. 1997) , and Ypt6p in retrograde Golgi transport (Luo and Gallwitz 2003) . The feature that all these proteins have in common and that distinguishes them from the Rab genes that are not synthetically lethal with yip1-4 is that they are localized to the Golgi apparatus at steady-state levels. These data suggest that Yip1p action in vivo does indeed require Rab protein functionality and that this requirement is confined to a subset of Rab proteins that act at the Golgi appa- we also examined the influence of defects in the prenyl wild-type YIP1 on a URA3 plasmid were transformed with vecmachinery on yip1-4 using a mutant allele of the gerator-only control (pRS315), wild-type YIP1 control (pRCnylgeranyl transferase, bet2-1 (Rossi et al. 1991 Genetic interactions between yip1-4 and known Rab regulators were also analyzed. As for other small GTPase superfamily members, Rab regulators modulate the GTPase nucleotide cycle or interact with the GTPase at controls where no genetic interaction was observed. Figure 4B demonstrates comparisons with several different defined stages and can be assigned to defined classes such as effectors, GEFs, and GAPs. We focused on Ypt1p yip1 alleles simultaneously. In this example, genetic interactions are examined between ypt1 A136D and several because our previous work has established a synthetic lethal relationship between yip1-4 and uso1-1, which enmade a series of genetic crosses using the novel mutant alleles of yip1. Our results are summarized in Table 5 . codes a yeast homolog of p115, a Rab1 effector (Allan et al. 2000) , and because both GEF and GAP proteins
We found that the new alleles of yip1 failed to show synthetic lethality with the Rab mutants while still rehave been identified for this Rab protein. Mutations in BET3, the Ypt1p GEF (Jones et al. 2000; Wang et al. taining synthetic lethality with the COPII mutants. Conversely, however, we did not find any yip1 alleles that 2000) or Gyp1p, the GAP protein for Ypt1p (Du and Novick 2001) , had no effect in combination with yip1-4, showed synthetic lethality selectively with Rab GTPases and not with COPII mutants. Strikingly, every condiand neither did sec2-41, a mutant allele of the GEF for Sec4p, a close homolog of Ypt1p (Walch-Solimena et tional yip1 allele tested showed synthetic lethality with the COPII mutant sec13-1. These data provide additional al. 1997).
We also tested mutant alleles of Rab-GDI in combinasupport for Yip1p acting in the COPII vesicle biogenesis pathway and also suggest that the action of Yip1p on tion with yip1-4. Rab-GDI is involved in the membrane retrieval and attachment of Rab proteins (see IntroducGolgi Rab proteins cannot be distinguished from its role in COPII vesicle biogenesis. tion) and is encoded in S. cerevisiae by the single gene GDI1. Both gdi1-11 and gdi1-29 were generated by ranInteraction analysis of yip1 alleles with Rab proteins: To further investigate the basis of Rab and Yip1p interacdom mutagenesis of GDI1 and have been proposed to be defective in the GDI-mediated extraction and loading of tion, we asked if the yip1 mutant alleles still retained an ability to interact with Rab proteins. For this test, we Rab proteins, respectively (Gilbert and Burd 2001) . We were unable to recreate the gdi1-29 allele in a YIP1 determined the ability of each yip1 mutant to interact with Rab proteins by yeast two hybrid (Y2H). Previous tester strain and conclude that the strain bearing this allele grows with adaptations that unfortunately make work from our laboratory has demonstrated that Yip1p Y2H assays reflect protein interactions that can be recait unsuitable for genetic analyses. However, the gdi1-11 mutant allele was lethal in combination with yip1-4 pitulated in pull-down experiments from yeast lysates and represent a valid method for analysis of Yip1p-pro- (Table 4 ). These data indicate that Yip1p action in vivo intersects with the activity of Rab-GDI and supports the tein interactions (Calero et al. 2002 (Calero et al. , 2003 . We tested interactions between yip1 mutant alleles and the Rab suggestion that these two proteins act in a common pathway to influence Rab protein function.
proteins Ypt1p and Ypt31p, which our genetic analysis had shown to be physiologically relevant binding partTo directly address the issue of whether Yip1p works in conjunction with Rab proteins or COPII proteins, we ners, and Yif1p, a YIP1 family member that binds Yip1p   TABLE 5 Summary of genetic interaction data with conditional yip1 alleles
, the double mutant is inviable at 25Њ; (ϩ), the double mutant is viable with no deleterious synthetic effects; (Ϯ), the double mutant is viable at 25Њ; however, growth is impaired in comparison to the individual mutants. Yip1p Function in S. cerevisiae Requires Rab Proteins and Rab-GDI Figure 5 .-Y2H interactions between yip1 mutant alleles and Rab-interacting partners. Pairs of constructs were coexpressed in the reporter strain Y190 and ␤-galactosidase activity (arbitrary units) in the resulting transformants was measured as described in materials and methods. The protein "bait" constructs were tested against "prey" constructs of Yip1p mutant alleles, Yip1p, or vector-only (pAS2-1) controls as indicated on the y-axis. Shaded bars, yip1 alleles containing mutations in the NH 2 terminus; solid bars, COOH-terminal alleles. Plasmid constructs are listed for Ypt1p interactions; the same constructs were used for all other experiments. (Matern et al. 2000; Calero et al. 2002) . For each muAll interactions required the COOH-terminal 18 amino acids that are critical for function (Table 3) , and the tant allele, we tested two independently created constructs as we have previously observed slight variations only point mutant that showed no interaction for both Rab proteins and Yif1p was the null allele yip1-41. All between individual constructs in this system. The results of this experiment are shown in Figure 5 , where yip1 other alleles of yip1 with point mutations in the NH 2 terminus showed some level of interaction with Rab alleles containing mutations in the NH 2 terminus are indicated by shaded bars and COOH-terminal alleles proteins, with the exception being the thermosensitive allele yip1-42 and the null mutant yip1-41 where no interare indicated by solid bars (see Figure 1B for at an efficiency of only ‫.%11ف‬ These data indicate that the transport defect in the yip1-42 strain, as previously observed for yip1-4 mutant strains (Heidtman et al. 2003) , is a defect in ER vesicle budding. Moreover, from an analysis of these two mutants, where yip1-40 has minimal and yip1-42 has severe defects in Rab protein interaction, it would appear that no distinction can be made between ER vesicle budding and Rab protein interaction. The degree of defect in ER vesicle budding thus that functional Ypt1p is not required for ER-to-Golgi transport (Cao and Barlowe 2000) . These considerations raise a question as to the physiological relevance of the biochemical interactions observed between Yip1p and neither of these mutant alleles is defective in Yif1p interaction ( Figure 5 ). As shown in Figure 6, Through a genetic analysis that covers every single Rab was compromised, we examined the ability of the yip1-42 strain to bud COPII vesicles ( Figure 6C ). We obprotein of the yeast genome (Lazar et al. 1997) , we establish that the Rab proteins required for Yip1p funcserved that upon the addition of COPII proteins, the wild-type membranes budded vesicles at an efficiency tion specifically are those that are localized to the Golgi, Ypt1p, Ypt31p, Ypt32p, and Ypt6p. These data indicate of 43%, whereas the yip1-42 membranes budded vesicles that, although Yip1p can interact rather promiscuously p115 have a well-established function in tethering of ER-derived vesicles to the Golgi, it has been demon- (Calero et al. 2003) .
geting, and fusion in vivo may be more interconnected than previously appreciated, providing a precedent for Our data indicating that Yip1p is a factor that interacts with Golgi Rab proteins suggest that one site of action Yip1p functionality on both the Golgi and the ER membranes. of Yip1p is at the Golgi complex. Previous studies have demonstrated that defects in Yip1p disrupt ER vesicle Another possible hypothesis to reconcile the role of Yip1p in ER vesicle biogenesis and Golgi Rab action is biogenesis (Heidtman et al. 2003 ), a conclusion that is supported in this study with novel yip1 mutant alleles to propose that Yip1p mediates interactions between SNARE and Rab proteins. However, there are no genetic (Table 5 ). These results suggest two different models of Yip1p function, illustrated in Figure 7 . One model interactions between Yip1p and various v-and t-SNARE proteins (sec22
ts ) operating in ER/ is that Yip1p operates independently on both COPII vesicle biogenesis and Golgi Rab proteins. Another Golgi transport or in genes involved in cis SNARE disassembly (sec17 ts and sec18-1) although Yip1p has been model is that Yip1p acts in a common pathway that involves both COPII vesicle proteins and Golgi Rab proreported to physically interact with the v-SNARE Bos1p in vitro (Barrowman et al. 2003) . It is possible that Yip1p teins. We favor the latter model for several reasons. First, after an extensive mutagenesis spanning the entire might "piggyback" on SNARE proteins to facilitate its transport between the ER and Golgi. No known COPII Yip1p protein, we were unable to generate any conditional allele that was selectively defective in either Golgi uptake signals are apparent on inspection of the primary amino acid sequence of Yip1p although recent discoverRab or COPII gene interaction. Second, in vitro assays comparing membranes from yip1-40 and yip1-42 cells, ies demonstrating that the COPII coat has multiple independent sites of cargo recognition (Miller et al. 2003 ; two mutant alleles that share the same mutated residue (E70G with K130A in the case of yip1-40 and E70V in Mossessova et al. 2003) opens up the possibility that other sorting signals remain to be identified. It should the case of yip1-42) indicate that the degree of severity of the ER vesicle biogenesis defect correlates positively be stressed that these are speculative models, many gaps remain in our understanding of YIP1 family function, with the ability to interact with Golgi Rab proteins by yeast two hybrid.
and further studies are necessary to resolve these potential modes of Yip1p action. It may be that the cycling of Yip1p between the two compartments is critical for its function. Perhaps GolgiBecause Yip1p requires Rab proteins to be prenylated for productive interactions and defective alleles of yip1 localized Rab GTPases transmit a signal to Yip1p, a signal that Yip1p carries back to the ER. This signal in turn also cause ER membrane accumulation, another possibility is that Yip1p influences membrane traffic through is required for the continued flow of membrane and material between the Golgi and the ER. Thus Yip1p may dysregulated lipid metabolism. However, no genetic interactions were observed between yip1-4 and opi1⌬ or affect ER vesicle budding even though Yip1p is not part of the minimal machinery for COPII vesicles created in sec14 ts and activated HAC1 is unable to suppress yip1-4 so we currently have no evidence that Yip1p plays a role vitro with recombinant components (Matsuoka et al. 1998) . In this model, Yip1p is required for overall hoin the interface between protein and lipid biogenesis in the secretory pathway or is involved in membrane meostasis of the anterograde and retrograde membranetrafficking pathways, explaining why it appears to inproliferation.
A recent study has identified the mammalian Yip3 as teract with Golgi Rab proteins that regulate diverse membrane-trafficking pathways. It is also possible that a GDI-displacement factor for the Rab GTPase Rab9 (Sivars et al. 2003) . The yeast homolog of Yip3 has no Yip1p may physically recycle a Rab protein back to the ER where, although the Rab protein does not participate sequence relationship with Yip1p; however, it does share several physical characteristics and the role of Yip1p as in vesicle biogenesis, as an important component of vesicle targeting and fusion, it must be incorporated a possible GDI-displacement factor is very provocative. Because Yip1p is (i) a Rab-binding membrane protein, into the budding vesicle for downstream events. This is consistent with the model suggested by Barrowman et which (ii) recognizes the prenyl groups of Rab proteins and (iii) has no apparent nucleotide preference for al . (2003) , who propose that Yip1p is required for the fusion competence of ER-derived vesicles, and it makes the nucleotide-bound state of the Rab, we previously proposed that Yip1p can participate in the membrane sense that vesicle budding could be linked to its "programming" for targeting and fusion. In this respect, retrieval pathway of Rab proteins from the cytosol. However, there is no apparent shift in membrane/cytosolic there appears to be a parallelism between Yip1p and Uso1p. Although Uso1p and its mammalian homolog ratios of Rab proteins when a mild mutant allele of yip1 of p115 into a cis-SNARE complex: programming budding COPII is examined by subcellular fractionation (Barrowman 
